Oligoclonal bands in multiple sclerosis; Functional significance and therapeutic implications. Does the specificity matter? by Pryce, G & Baker, D
1 
 
Multiple Sclerosis and Related Disorders. In press 
 
Oligoclonal bands in multiple sclerosis; functional significance and therapeutic implications. 
Does the specificity matter? 
Gareth Pryce1 and David Baker1. 
1Neuroimmunology Unit, Blizard Institute, Barts and The London School of Medicine & 
Dentistry, Queen Mary University of London, London, UK. 
Correspondence:  
Dr. G. Pryce, Neuroimmunology Unit, Blizard Institute, Barts and the London School of 
Medicine and Dentistry,  Queen Mary University of London, 4 Newark Street, London E1 2AT, 
United Kingdom. 






Since their discovery, the existence of secreted oligoclonal immunoglobulin in the central 
nervous system in people with multiple sclerosis has been the subject of scientific investigation 
and debate over several decades. Although autoantibodies can be detected in some individuals, 
probably secondary to release of neo-antigens after damage, evidence for a major, primary 
involvement of damaging antibodies is still relatively lacking. However it is possible to construct 
a working hypothesis that establishes the interaction of plasma cells, which is the source of 
oligoclonal bands, microglia and astrocytes to create a self-perpetuating activated phenotype. 
This may generate an environment conducive to long-term plasma cell survival and the 
initiation and perpetuation of neurotoxicity that may contribute to disease worsening in 
multiple sclerosis. Therapeutic strategies to re-establish a homeostatic environment conducive 
to repair/recovery are indicated to control progressive multiple sclerosis. 
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 Immunoglobulins in oligoclonal bands secreted by plasma cells in the CNS can 
contribute to worsening pathology in MS 
 Secreted immunoglobulin can interact with microglial Fc receptors in an antigen non-
specific manner. 
 Microglia and astrocytes may create a survival niche for long-term plasma cell survival. 
 Plasma cells, microglia and astrocytes may interact to establish a locally neurotoxic or 
dystrophic environment. 
 Bruton’s tyrosine kinase inhibitors are may be therapeutic agents for the potential 






Oligoclonal bands (OCB) are clonally restricted immunoglobulins (Ig), detected by isoelectric 
focusing (Freedman et al. 2005), which are produced by cerebrospinal fluid (CSF) and 
parenchymal B lymphocytes (Obermeier et al., 2011). These are a key hallmark of ongoing 
inflammatory events in the central nervous system (CNS) and have been reported in a number 
of neuroinflammatory conditions and viral infections such as: chronic infectious encephalitis; 
paraneoplastic syndromes, neuromyelitis optica spectrum disorders, acute disseminated 
encephalomyelitis, Behcet Disease, optic neuritis and multiple sclerosis (Chu et al., 1983, 
Psimara et al., 2010, Juryńczyk et al., 2015). More recently, the potential role of OCB in the 
perpetuation of immune responses and the establishment of a neurodegenerative environment 
in MS is increasingly indicated. 
 
Oligoclonal bands and multiple sclerosis. 
For many years the accepted dogma has been that multiple sclerosis (MS) is an autoimmune 
disease mediated by T cells. This is primarily based on experimental evidence from rodent 
models, where any role for the B cell arm of the immune response is often regarded as being 
of lesser importance. More recently, a pivotal role of B cells in the development of MS is 
increasingly indicated from the study of responses to immunomodulatory therapies in MS 
(Baker et al., 2017, Lehmann-Horn et al., 2017, Hauser et al., 2017, Ceronie et al. 2018). 
These notably include inhibition of active MS by CD20-depleting antibodies such as; rituximab, 
ocrelizumab and ofatumumab (Gelfand et al. 2017).  One of the diagnostic hallmarks of MS is 
the presence of OCB in people with MS (pwMS), which are detected early in the disease process 
(Matute-Blanch et al., 2018). These bands indicate the presence, in the CNS compartment, of 
a restricted number of B cells, notably, plasma cells, secreting Ig into the CSF (Obermeier et 
al., 2011). The pattern of these OCB is characteristic for each individual and tends to remain 
unchanged over a long duration, despite therapeutic intervention (Olsson and Link, 1973, 
Walsh and Tourtellotte, 1986, Link and Huang, 2006). Up to 95% of pwMS in Northern Europe 
are positive for OCB (Link and Huang, 2006), lower levels reported in other countries may 
reflect less sensitive detection methodology (Dobson et al., 2013). 
The presence of OCB in CSF may be associated with a more severe disease course and 
development of disability due to neurodegeneration, compared to OCB negative pwMS (Rojas 
et al., 2012). A more recent study revealed also that the presence of OCB at MS onset led to; 
a greater level of grey matter pathology, a more severe level of disability and cognitive 
impairment compared to OCB negative pwMS over a ten year study period. Farina et al., 2017). 
There has been reported to be a lower incidence of OCB positivity in primary progressive MS 
than relapsing-remitting MS, although they have a higher level of CSF Ig (Lourenco et al., 
2013). Yet despite decades of study, convincing targets for these OCB to either myelin antigens 
(van Haren et al., 2013) or any other CNS target specific to MS (Srivastava et al., 2012, Navas-
Madroñal et al., 2017)have yet to be reproducibly demonstrated (Owens et al. 2009; Willis et 
al., 2015; Navas-Madroñal et al. 2017, Bashford-Rogers et al. 2018). Indeed OCB could bind 
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to ‘epiphemomenic’ infectious agents or other targets, as such some OCB are targeted 
ubiquitious, intracellular targets (Brändle et al., 2016; Gastaldi et al. 2017, Bashford-Rogers 
et al. 2018). This suggests that the Ig may develop secondary to CNS damage (Winger and 
Zamvil 2016), rather than being of primary pathogenic importance. However, some antibodies 
in MS are clearly pathogenic as seen by the benefit exhibited by some pwMS following plasma 
exchange and immunoadorption (Keegan et al., 2005, Faissner et al. 2016, Lehmann-Horn et 
al., 2017) and the damage induced by MS-derived Ig in ex-vivo experimental assays (Elliot et 
al. 2012, Blauth et al. 2015). However, antibodies may have an immune stimulating role 
following Fc receptor interactions that is not dependent on the antigen-binding region. These 
would occur concurrently with effects mediated via direct antigen binding. 
Perpetuation of plasma cells in MS and cellular interactions in the CNS. 
Activation of microglia is a pathological feature of MS (Zrzavy et al. 2017). Human microglia 
express receptors to detect and bind Ig (FcγRI, FcγRIIa, FcγRIIb, and FcγRIIIa) at very low 
levels under normal conditions. The expression of these Fc receptors is reported to be increased 
on microglia in the CNS of pwMS (Ulvestad et al., 1994a). Activation of FcγR on microglial cells, 
via immunoglobulin and immune complexes, leads to phagocytosis, endocytosis, release of 
inflammatory mediators, oxidative bursts, neurotoxicity and the regulation of B cell activation 
and antibody production (Coggeshall, 2002, Ulvestad et al. 1994b, Teeling et al., 2012).  
Interferon-gamma (IFN-γ) treatment of adult rat microglia resulted in enhanced expression of 
FcR and increased the production of superoxides (Woodroofe et al., 1989). Importantly, the Fc 
binding capacity of microglia was found to be significantly greater than that of peritoneal 
macrophages, underlining the potential role of microglia in immune-mediated 
neurodegeneration in MS (Woodroofe et al., 1989). 
After the development of inflammatory lesions in the CNS in MS, a local population of microglia 
that have been activated due to the secretion of pro-inflammatory cytokines by invading 
lymphocytes at lesion onset, may persist for some time after the initial inflammatory lesion 
has resolved and overt lymphocytic infiltrates are no longer present (Zrzavy et al. 2017). In 
addition, the presence of OCB,  indicates the presence of long-lived plasma cells in the CNS in 
both the meninges and brain parenchyma (Ligocki et al., 2010, Lovato et al., 2011), which 
continue to secrete Ig over a long period of time and which may persist for decades. 
This locally secreted Ig may interact with the previously activated microglial population to not 
only maintain an activated phenotype via the expression of immunoglobulin Fc receptors on 
microglia in an autocrine manner but may also stimulate the release of neurotoxic factors by 
this population. 
The expression of the chemokine CXCL12, the ligand for the CXCR4 receptor expressed on B 
and plasma cells, which is involved in not only extravasation but also plasma cell persistence, 
as CXCR4 expression is maintained during plasma cell differentiation, has been detected in 
lesional areas of CNS tissue in MS and the experimental autoimmune encephalomyelitis (EAE) 
model of MS (Krumbholz et al., 2006, Pollok et al., 2017). CXCL12 expression has also been 
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reported to be present in inactive/quiescent lesions (Krumbholz et al., 2006). In addition, 
strong expression of the chemokine CXCL13 has been reported in MS lesions and a high level 
of B cell expression for its receptor CXCR5. This CXCL13 expression strongly correlated with 
intrathecal Ig production (Krumbholz et al., 2006). 
The source of CXCL12 appears to be from activated astrocytes in the inflamed tissue (Pollok et 
al., 2017). CXCL12 is involved in the migration of plasma cells to their physiological niche in 
the bone marrow and the expression of CXCL12 in the parenchyma may result in the 
establishment of a micro-niche in the CNS contributing to the long-term survival of these cells 
in the CNS (Pollok et al., 2017). Astrocytes, both pre-activated and in their basal state can also 
promote the survival of isolated human B cells in vitro by the release of as yet unidentified 
soluble factors and by implication, contribute to the long-term survival of potentially pathogenic 
B cell responses in the CNS (Touil et al., 2018). Astrocytes and microglia may also promote B 
cell activation and survival via the secretion of; B cell activating factor (BAFF), (Krumbholz et 
al., 2005), a proliferation-inducing ligand (APRIL), (Thangarajh et al., 2007) and interleukin 
15, which can stimulate proliferation and Ig secretion by B cells (Rentzos et al., 2006).  
These plasma cells, in areas associated with previous inflammatory lesion activity, may be of 
particular significance as there will be a population of demyelinated neurons under conditions 
of metabolic stress that renders them particularly susceptible to the release of neurotoxic 
factors from these localised plasma cell niches. It is likely that the majority of the detectable 
CSF Ig is likely to arise from outside the parenchyma in B cell and plasma cell rich infiltrates 
in ectopic leptomeningeal/subarachnoid areas (Serafini et al., 2004, Magliozzi et al. 2007). 
These ectopic B cell follicles have similarities to tertiary lymphoid organs and may secrete Ig 
into the CSF and immunoglobulin may also arise from plasma cells detectable in the CSF and 
meninges. It is also likely and perhaps of more direct pathological significance, that the 
presence of plasma cells in areas of the brain parenchyma at sites of previous inflammatory 
lesion activity is important. In these areas there is an already activated population of reactive 
microglia and where microglia, astrocytes and plasma cells will interact in a self-perpetuating 
feedback loop, where locally secreted Ig reacts with microglial Fc receptors, maintaining an 
activated phenotype and the release of neurotoxic factors in addition to maintaining an 
environment conducive to long-term plasma cell survival. The presence of an activated 
microglial population may also induce, via the production of the cytokines including interleukin 
one alpha (IL-1α), tumour necrosis factor (TNF) and the complement component C1q, an 
activated astrocyte population (designated A1 as opposed to neuro-supportive A2) that lose 
the ability to; promote neuronal survival, outgrowth and synaptogenesis and induce neuronal 
and oligodendrocyte death via the secretion of a yet to be identified toxic factor that has 
specificity for neurons and oligodendrocytes (Liddelow et al., 2017). Astrocytes may promote 
excitoxicity and block lactate transport that can contribute to redox and energy deficits that 
are neurotoxic in nerves (Bolanos 2016). These activated neurotoxic astrocytes, characterised 
by complement component C3 expression are detected in demyelinating MS lesions and are 
closely associated with CD68 positive, activated microglia (Liddelow et al., 2017). Astrocytes, 
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may also secrete factors such as IL-33 that drive microglia to cause nerve damage (Vainchtein 
et al., 2018). 
It has also been reported that B cells in the CNS may be intrinsically neurotoxic. B cells isolated 
from pwMS can release as yet unidentified factors that can not only be toxic to oligodendrocytes 
but also neurotoxic and these factors are unrelated to secreted Ig, not complement-mediated 
and induce apoptosis (Lisak et al., 2012, 2017). B cells isolated from normal, normal control 
subjects did not secrete such factors toxic to oligodendrocytes or neurons. 
Although, TNF is a pleotrophic pro-inflammatory cytokine, which can be generated by microglia 
(Liddelow et al., 2017). Peripheral inhibition of TNF can worsen MS and may relate to 
augmentation of memory B cell responses, which appear to contribute to the pathogenesis of 
relapsing MS (Leandro 2009; Baker et al. 2017). However, TNF is also a plasma cell survival 
factor and supports the formation of B cell follicles (Leandro 2009, Paulino et al. 2018). 
Inhibition of TNF can inhibit ectopic follicle formation and treat disease in rheumatoid arthritis 
(Cañete et al., 2009, Leandro 2009). However, this may not occur in MS, as antibody is unlikely 
to neutralise centrally-active TNF activity due to poor penetration of antibodies into the CNS 
(Freskgård, and Urich 2017). Thus although, thisindicates that inflammation during MS is 
complex, it further suggests the importance of targeting the immune response within the CNS. 
Potential therapeutic strategies.  
To date, of the new generation of highly-effective, licensed disease-modifying drugs used in 
MS, few will significantly enter and act with the CNS, notably the antibodies and protein-based 
treatments due to the action of the blood brain barrier (Freskgård and Urich 2017). Therefore 
many are unable to target plasma cells within the CNS. Indeed and surprisingly, the only one 
reported, in some cases, to show an effective reduction or in some cases extinction of OCB in 
CSF is the lymphocyte migration blocker natalizumab (von Glehn et al., 2012, Harrer et al., 
2013, Mancuso et al., 2014). Whilst showing promise, natalizumab therapy is currently limited 
due to the risk progressive multi focal leukoencephalopathy in individuals with John 
Cunningham virus (Ho et al., 2017). Furthermore, the effectiveness in the reduction of secreted 
Ig from plasma cells located deep in the brain parenchyma and the clinical response has yet 
to be effectively determined and the depletion of OCB does not always occur (Warnke et al. 
2015). In contrast, treatment with the lymphocyte migration blocker fingolimod did not show 
any reduction in OCB level, within the duration of observation (Kowarik et al., 2011). Likewise, 
no reduction in OCB has been reported following peripherally-administered rituximab (Piccio et 
al., 2010, von Büdingen et al., 2016). Peripheral-rituximab induces ineffective deletion of B 
cells in CNS tissue compared to effective deletion in CSF, which was observed in some instances 
following intrathecal rituximab (Studer et al., 2014, Komori et al., 2016). However, as plasma 
cells do not express CD20 (the target antigen of rituximab) deletion of plasma cells, following 
rituximab use, would not be expected. This suggests that any influence on CNS-derived plasma 
cells by rituximab would be secondary to: depletion of plasma cell precursors, depletion of 
survival factors or destruction of B cell niches rather than a direct influence on plasma cells. 
The persistence of OCB has been reported after treatment with the lymphocyte-depleting 
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agents, alemtuzumab (Hill-Cawthorne et al., 2012) and cladribine (Sipe et al., 1994). However, 
there was a reported stabilisation of OCB level or decrease with cladribine treatment in chronic 
progressive MS compared to a continued increase in OCB level in the placebo group and also 
clinical improvement or stabilisation compared to a continued clinical deterioration in the 
placebo arm (Sipe et al., 1994, Beutler et al., 1996). Cladribine, in contrast to monoclonal 
antibody-based therapies, has a good CNS penetration across the blood:brain barrier and after 
oral delivery in normal subjects the concentration in the cerebrospinal fluid is 25% of that in 
plasma (Lillemark, 1997) and is likely to be higher in pwMS, where blood:brain barrier integrity 
is likely to be compromised, with the reduced expression of drug efflux pumps (Al-Izki et al., 
2014). The recent approval of an orally-delivered cladribine derivative for MS may help to 
determine whether cladribine therapy can produce a robust reduction or elimination of OCB 
after treatment, although again plasma cells may escape effective depletion as they appear to 
contain lower levels of the enzymes required for cladribine-induced cytotoxicity than other B 
cell subsets (Ceronie et al. 2018). Importantly, there was no reported major effect on OCB 
after autologous haematopoietic stem cell transplant following high dose immunosuppressive 
therapy, using agents with limited CNS penetration and activity (Saiz et al., 2001, Bowen et 
al., 2012). This further supports the view that CNS-directed immunotherapy may be required 
to target OCB in MS.  
Bruton’s tyrosine kinase (BTK) is a Tec-family kinase that is expressed in most haematopoietic 
cells but not T cells (Satterthwaite and Witte, 2000). BTK-dependent activation of NF-kappa B 
is essential for reprogramming the expression of genes that control B cell survival and 
proliferation (Khan, 2001). Mutations in BTK result in the B-cell immunodeficiencies X-linked 
agammaglobulinemia in humans and X-linked immunodeficiency in mice. These diseases are 
characterized by blocks in B-cell development at multiple stages and impaired function of 
residual mature B cells (Satterthwaite and Witte, 2000, Khan, 2001). BTK has been shown to 
be a key factor in B cell and plasma cell development and in the negative selection of 
autoreactive cells and overexpression of that leads to increased plasma cell numbers and 
autoimmunity in a mouse model of systemic lupus erythematosus, which is alleviated by 
treatment with a BTK inhibitor (Kil et al., 2012, Katewa et al., 2017). Thus, BTK inhibitors can 
be used to target plasma cells (Katewa et al., 2017). Importantly, some BTK inhibitors, such 
as ibutrinib, can cross the blood:brain barrier and are CNS active(Goldwirt et al., 2018; Lionakis 
et al., 2017). This is evidenced by successful treatment of B cell lymphoma within the CNS 
(Bernard et al., 2015, Lionakis et al., 2017). Thus, such agents may have utility to target OCB 
within MS.   
Although BTK is a key mediator of B cell receptor signalling in B cells, it is also important in 
FcγR signalling in myeloid cells and may represent a novel key therapeutic target for the 
removal of pathogenic intrathecal plasma cells and also potentially activated 
macrophages/microglia in the treatment of MS. Indeed, BTK inhibition is beneficial in alleviating 
EAE (Menzfeld et al., 2015). As EAE is primarily a T cell-mediated disease with limited B cell 
requirements (Sefia et al. 2017), and as T cells do not express BTK, the disease amelioration 
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effect in EAE seems to be a direct effect on microglial activation/cytokine secretion via BTK and 
a novel malonitrile-sensitive target (Menzfeld et al., 2015). 
Blockade of colony stimulating factor one can inhibit microglial development and can inhibit 
neuroinflammatory disease (Chitu et al. 2016). However, such agents have yet to enter the 
clinic for the treatment of MS. Minocycline is a tetracycline antibiotic that also inhibits migroglial 
activity and appears to promote neuroprotection in experimental models (Garrido-Mesa et al. 
2013). Whilst trials in MS have been undertaken and show that minocycline has no or marginal 
activity, compared to current disease modifying treatments, as an immunosuppressive agents 
in MS (Sørensen et al. 2016; Metz et al., 2017). These have yet to adequately address whether 
minocycline has neuroprotective potential in humans. 
In addition, there is the potential for non-steroidal anti-inflammatory drugs (NSAID) such as 
aspirin to reduce pro-inflammatory prostaglandin release from chronically-activated, peri-
lesional microglia via the inhibition of the cyclooxygenase (COX) family of enzymes.  Aspirin is 
of particular interest here as it has the unique ability to covalently acetylate and inactivate COX 
enzymes (Roth et al., 1975), in contrast to other competitive reversible NSAID COX inhibitors 
(Stanford et al., 1977) and penetrates readily across the blood:brain barrier. Aspirin and its 
derivatives have been shown to block microglial activation and the release of pro-inflammatory 
mediators and confer neuroprotection in an in vitro model of neurotoxicity, probably at levels 
relevant to human use (Lee et al., 2013). Aspirin may also block the generation of reactive 
astrocytes in response to inflammatory mediators and the release of cytotoxic factors such as 
nitric oxide via COX2 inhibition and blocking signalling pathways that induce a reactive 
astrocyte phenotype (Lee et al., 2013, Yao et al., 2014). In addition, aspirin has also shown to 
block COX/prostaglandin-mediated astrocytic release of the potential excitotoxic 
neurotransmitter glutamate (Cali et al., 2014) indicating the potential pleiotropic properties of 
aspirin therapy in MS. 
This strategy may also aid the reversion to a quiescent microglial and neuro-supportive 
astrocytic phenotype and in combination with the removal of plasma cells after a short course 
of treatment with a BTK inhibitor, may restore cellular homeostasis in lesional areas of the 
brain parenchyma and aid the establishment of endogenous repair processes that are impaired 
by inflammatory activity. 
Conclusions  
Whilst the existence of OCB in the CNS of pwMS has been long recognised, it is only in recent 
years that experimental evidence points to their potentially important role in the pathological 
events driving neurodegeneration and the perpetuation of immunological responses in MS.  
Evidence from MS and animal models points to the intimate involvement of Ig-secreting plasma 
cells with microglia and astrocytes to create not only a survival niche for plasma cells in the 
CNS, but also generating an activated phenotype in the associated microglia and astrocytes, 
which have the capability to foster a locally self-perpetuating neurodegenerative environment, 
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which hampers endogenous repair processes and results in glial scarring which precludes lesion 
repair. 
Whilst some of the current highly-effective disease modifying drugs used in MS have shown 
some ability to reduce OCB, new therapies such as the BTK inhibitors show promise in not only 
effectively modifying MS, but also in the effective eradication of plasma cells from the CNS, 
which may have long-term positive consequences on disease progression and re-setting the 
MS brain to a more homeostatic state. Combination of a course of BTK inhibitor therapy with 
longer term use of an NSAID such as aspirin may also be useful in re-establishing microglial 
and astrocyte quiescence. 
References 
Al-Izki, S., Pryce, G., Hankey, D.J., Lidster, K., von Kutzleben, S.M., Browne, L., Clutterbuck, 
L., Posada, C., Edith Chan, A.W., Amor, S., Perkins, V., Gerritsen, W.H., Ummenthum, K., 
Peferoen-Baert, R., van der Valk, P., Montoya, A., Joel, S.P., Garthwaite, J., Giovannoni, G., 
Selwood, D.L., Baker, D., 2014. Lesional-targeting of neuroprotection to the inflammatory 
penumbra in experimental multiple sclerosis. Brain. 137, 92-108.  
Baker, D., Marta, M., Pryce, G., Giovannoni, G., Schmierer, K., 2017. Memory B Cells are Major 
Targets for Effective Immunotherapy in Relapsing Multiple Sclerosis. EBioMedicine. 16, 41-50.  
Bashford-Rogers, R.J.M., Smith, K.G.C., 2018. Thomas, D.C. Antibody repertoire analysis in 
polygenic autoimmune diseases. Immunology. [Epub].  
Bernard, S., Goldwirt, L., Amorim, S., Brice, P., Brière, J., de Kerviler, E., Mourah, S., 
Sauvageon, H., Thieblemont, C., 2015. Activity of ibrutinib in mantle cell lymphoma patients 
with central nervous system relapse. Blood. 126,1695-1698.  
Beutler, E., Sipe, J.C., Romine, J.S., Koziol, J.A., McMillan, R., Zyroff, J., 1996. The treatment 
of chronic progressive multiple sclerosis with cladribine. Proc Natl Acad Sci U S A. 93, 1716-
1720.  
Blauth, K., Soltys, J., Matschulat, A., Reiter, C.R., Ritchie, A., Baird, N.L., Bennett, J.L., Owens, 
G.P., 2015. Antibodies produced by clonally expanded plasma cells in multiple 
sclerosis cerebrospinal fluid cause demyelination of spinal cord explants. Acta Neuropathol. 
130,765-781.  
Bolanos, J.P. Bioenergetics and redox adaptations of astrocytes to neuronal activity. J 
Neurochem. 2016;139 Suppl 2:115-125 
Bowen, J.D., Kraft, G.H., Wundes, A., Guan, Q., Maravilla, K.R., Gooley, T.A., McSweeney, 
P.A., Pavletic, S.Z., Openshaw, H., Storb, R., Wener, M., McLaughlin, B.A., Henstorf, G.R., 
Nash, R.A., 2012. Autologous hematopoietic cell transplantation following high-dose 
10 
 
immunosuppressive therapy for advanced multiple sclerosis: long-term results. Bone Marrow 
Transplant. 47, 946-951.  
Brändle, S.M., Obermeier, B., Senel, M., Bruder, J., Mentele, R., Khademi, M., Olsson, T., 
Tumani, H., Kristoferitsch, W., Lottspeich, F., Wekerle, H., Hohlfeld, R., Dornmair, K., 2016. 
Distinct oligoclonal band antibodies in multiple sclerosis recognize ubiquitous self-proteins. 
Proc Natl Acad Sci U S A., 113, 7864-7869.   
Cali, C., Lopatar, J., Petrelli, F., Pucci, L., Bezzi, P., 2014. G-protein coupled receptor-evoked 
glutamate exocytosis from astrocytes: role of prostaglandins. Neural Plast. 2014:254574.  
Cañete, J.D., Celis, R., Moll, C., Izquierdo, E., Marsal, S., Sanmartí, R., Palacín, A., Lora, D., 
de la Cruz, J., Pablos, J.L., 2009. Clinical significance of synovial lymphoid neogenesis and its 
reversal after anti-tumour necrosis factor α therapy in rheumatoid arthritis. Ann Rheum 
Dis.  68, 751–756.  
 
Ceronie, B., Jacobs, B.M., Baker, D., Dubuisson, N., Mao, Z., Ammoscato, F., Lock, H., 
Longhurst, H.J., Giovannoni, G., Schmierer, K., 2018. Cladribine treatment of multiple sclerosis 
is associated with depletion of memory B cells. J Neurol. 265:1199-1209.  
 
Chitu V, Gokhan, S., Nandi, S., Mehler, M.F., Stanley, E.R., 2016. Emerging roles for CSF-1 
receptor and its ligands in the nervous system. Trends Neurosci. 39: 378–393.  
 
Chu, A.B., Sever, J.L., Madden, D.L., Iivanainen, M., Leon, M., Wallen, W., Brooks, B.R., Lee, 
Y.J., Houff, S., 1983. Oligoclonal IgG bands in cerebrospinal fluid in various neurological 
diseases. Ann Neurol. 13, 434-439.  
Coggeshall, K.M., 2002. Regulation of signal transduction by the Fc gamma receptor family 
members and their involvement in autoimmunity. Curr Dir Autoimmun. 5, 1-29.  
Dobson, R., Ramagopalan, S., Davis, A., Giovannoni, G., 2013. Cerebrospinal fluid oligoclonal 
bands in multiple sclerosis and clinically isolated syndromes: a meta-analysis of prevalence, 
prognosis and effect of latitude. J Neurol Neurosurg Psychiatry. 84, 909-914.  
 
Elliott, C., Lindner, M., Arthur, A., Brennan, K., Jarius, S., Hussey, J., Chan, A., Stroet, A., 
Olsson, T., Willison, H., Barnett, S.C., Meinl, E., Linington, C., 2012. Functional identification 
of pathogenic autoantibody responses in patients with multiple sclerosis Brain. 135,:1819-
1833.  
 
Faissner, S., Nikolayczik, J., Chan, A., Hellwig, K., Gold, R., Yoon, M.S., Haghikia, A., 2016. 
Plasmapheresis and immunoadsorption in patients with steroid refractory multiple sclerosis 
relapses. J Neurol. 263,1092-1098.  
11 
 
Farina, G., Magliozzi, R., Pitteri, M., Reynolds, R., Rossi, S., Gajofatto, A., Benedetti, M.D., 
Facchiano, F., Monaco, S., Calabrese, M., 2017. Increased cortical lesion load and intrathecal 
inflammation is associated with oligoclonal bands in multiple sclerosis patients: a combined 
CSF and MRI study. J Neuroinflammation. 14.40.  
Freskgård, P.O., Urich, E., 2017. Antibody therapies in CNS diseases. 
Neuropharmacology. 120, 38-55.  
 
Freedman, M.S., Thompson, E.J., Deisenhammer, F., Giovannoni, G., Grimsley, G., Keir, G., 
Ohman, S., Racke, M.K., Sharief, M., Sindic, C.J., Sellebjerg, F., Tourtellotte, W.W., 2005. 
Recommended standard of cerebrospinal fluid analysis in the diagnosis of multiple sclerosis: a 
consensus statement. Arch Neurol.  62, 865-870.  
 
Gelfand, J.M., Cree, B.A.C., Hauser, S.L., 2017. Ocrelizumab and other CD20+ B-cell-depleting 
therapies in multiple sclerosis. Neurotherapeutics. 14, 835-841.  
 
Garrido-Mesa, N., Zarzuelo, A., Gálvez J., 2013. Minocycline: far beyond an antibiotic. Br J 
Pharmacol. 169, 337–352.  
  
Gastaldi, M., Zardini, E., Franciotta, D., 2017. An update on the use of cerebrospinal fluid 
analysis as a diagnostic tool in multiple sclerosis. Expert Rev Mol Diagn. 17,31-46.  
Goldwirt, L., Beccaria, K., Ple, A., Sauvageon, H., Mourah, S., 2018. Ibrutinib brain distribution: 
a preclinical study. Cancer Chemother Pharmacol. 81, 783-789.  
Harrer, A., Tumani, H., Niendorf, S., Lauda, F., Geis, C., Weishaupt, A., Kleinschnitz, C., Rauer, 
S., Kuhle, J., Stangel, M., Weber, F., Uhr, M., Linnebank, M., Wildemann, B., Jarius, S., Guger, 
M., Ayzenberg, I., Chan, A., Zettl, U., Wiendl, H,, Pilz, G., Hitzl, W., Weber, J.R., Kraus, J., 
2013. Cerebrospinal fluid parameters of B cell-related activity in patients with active disease 
during natalizumab therapy. Mult Scler. 19:1209-1212.  
Hauser, S.L., Bar-Or A., Comi, G., Giovannoni, G., Hartung, H.P., Hemmer, B., Lublin, F., 
Montalban, X., Rammohan, K.W., Selmaj, K., Traboulsee, A., Wolinsky, J.S., Arnold, D.L., 
Klingelschmitt. G., Masterman, D., Fontoura, P., Belachew, S., Chin, P., Mairon, N., Garren, 
H., Kappos, L. Ocrelizumab versus interferon beta-1a in relapsing multiple sclerosis. N Engl J 
Med. 2017; 376:221-234.  
Hill-Cawthorne, G.A., Button, T., Tuohy, O., Jones, J.L., May, K., Somerfield, J., Green, A. 
Giovannoni, G., Compston, D.A., Fahey, M.T., Coles, A.J., 2012. Long term lymphocyte 
reconstitution after alemtuzumab treatment of multiple sclerosis. J Neurol Neurosurg 
Psychiatry. 83, 298-304.  
12 
 
Ho, P.R., Koendgen, H., Campbell, N., Haddock, B., Richman, S., Chang, I., 2017. 
Risk of natalizumab-associated progressive multifocal leukoencephalopathy in patients with 
multiple sclerosis: a retrospective analysis of data from four clinical studies. Lancet Neurol. 
16,:925-933.  
Juryńczyk, M., Craner, M., Palace, J., 2015. Overlapping CNS inflammatory diseases: 
differentiating features of NMO and MS. J Neurol Neurosurg Psychiatry. 86, 20-25.  
Katewa, A., Wang, Y., Hackney, J.A., Huang, T., Suto, E., Ramamoorthi, N., Austin, C.D., 
Bremer, M., Chen, J.Z., Crawford, J.J., Currie, K.S., Blomgren, P., DeVoss, J., DiPaolo, J.A., 
Hau, J., Johnson, A., Lesch, J., DeForge, L.E., Lin, Z., Liimatta, M., Lubach, J.W., McVay, S., 
Modrusan, Z., Nguyen, A., Poon, C., Wang, J., Liu, L., Lee, W.P., Wong, H., Young, W.B., 
Townsend, M.J., Reif, K., 2017. Btk-specific inhibition blocks pathogenic plasma cell signatures 
and myeloid cell-associated damage in IFNα-driven lupus nephritis. JCI Insight. 2:e90111.  
Keegan, M., König, F., McClelland, R., Brück, W., Morales, Y., Bitsch, A., Panitch, H., Lassmann, 
H., Weinshenker, B., Rodriguez, M., Parisi, J., Lucchinetti, C.F. 2005. Relation between humoral 
pathological changes in multiple sclerosis and response to therapeutic plasma exchange. 
Lancet. 366, 579-582.  
Khan, W.N., 2001. Regulation of B lymphocyte development and activation by Bruton's tyrosine 
kinase. Immunol Res. 23, 147-156.  
Kil, L.P., de Bruijn, M.J., van Nimwegen, M., Corneth, O.B., van Hamburg, J.P,, Dingjan, G.M., 
Thaiss, F., Rimmelzwaan, G.F., Elewaut, D., Delsing, D., van Loo, P.F., Hendriks, R.W., 2012. 
Btk levels set the threshold for B-cell activation and negative selection of autoreactive B cells 
in mice. Blood. 119, 3744-3756.  
Komori, M., Lin Y.C., Cortese I., Blake A., Ohayon J., Cherup J., Maric D., Kosa P., Wu T., 
Bielekova B., 2016. Insufficient disease inhibition by intrathecal rituximab in progressive 
multiple sclerosis. Ann. Clin. Transl. Neurol. 3, 166–179.  
Kowarik, M.C., Pellkofer, H.L., Cepok, S,, Korn, T., Kümpfel, T., Buck, D., Hohlfeld, R., Berthele, 
A., Hemmer, B., 2011. Differential effects of fingolimod (FTY720) on immune cells in the CSF 
and blood of patients with MS. Neurology. 76, 1214-1221.  
Krumbholz, M., Theil, D., Derfuss, T., Rosenwald, A., Schrader, F., Monoranu, C.M., Kalled, 
S.L., Hess, D.M., Serafini, B., Aloisi, F., Wekerle, H., Hohlfeld, R., Meinl, E., 2005. BAFF is 
produced by astrocytes and up-regulated in multiple sclerosis lesions and primary central 
nervous system lymphoma. J Exp Med. 201, 195-200.  
Krumbholz, M., Theil, D., Cepok, S., Hemmer, B., Ransohoff, R.M., Hofbauer, M., Farina, C., 
Derfuss, T., Hartle, C., Newcombe, J., Hohlfeld, R., Meinl, E., 2006. Chemokines in multiple 
13 
 
sclerosis: CXCL12 and CXCL13 up-regulation is differentially linked to CNS immune cell 
recruitment. Brain. 129,200-211.  
Leandro, M.J. 2009. Anti-tumour necrosis factor therapy and B cells in rheumatoid arthritis. 
Arthritis Res Ther. 11:128.  
Lee, M., McGeer, E., Kodela, R., Kashfi, K., McGeer, P.L., 2013. NOSH-aspirin (NBS-1120), a 
novel nitric oxide and hydrogen sulfide releasing hybrid, attenuates neuroinflammation induced 
by microglial and astrocytic activation: a new candidate for treatment of neurodegenerative 
disorders. Glia. 61, 1724-1734.  
Lehmann-Horn, K., Kinzel, S., Weber, M.S., 2017. Deciphering the Role of B Cells in Multiple 
Sclerosis-Towards Specific Targeting of Pathogenic Function. Int J Mol Sci. 18, pii: E2048.  
Link, H., Huang, Y.M., 2006. Oligoclonal bands in multiple sclerosis cerebrospinal fluid: an 
update on methodology and clinical usefulness. J Neuroimmunol. 180, 17-28.  
Ligocki, A.J., Lovato, L., Xiang, D., Guidry, P., Scheuermann, R.H., Willis, S.N., Almendinger, 
S., Racke, M.K., Frohman, E.M., Hafler, D.A., O'Connor, K.C., Monson, N.L., 2010. A unique 
antibody gene signature is prevalent in the central nervous system of patients with multiple 
sclerosis. J Neuroimmunol. 226,192-193.  
Liliemark, J., 1997. The clinical pharmacokinetics of cladribine.  Clin-Pharmacokinet 32, 120-
131.  
Lionakis, M.S., Dunleavy, K., Roschewski, M., Widemann, B.C., Butman, J.A., Schmitz, R., 
Yang, Y., Cole, D.E., Melani, C., Higham, C.S., Desai, J.V., Ceribelli, M., Chen, L., Thomas, C.J., 
Little, R.F., Gea-Banacloche, J., Bhaumik, S., Stetler-Stevenson, M., Pittaluga, S., Jaffe, E.S., 
Heiss, J., Lucas, N., Steinberg, S.M., Staudt, L.M., Wilson, W.H., 2017. Inhibition of B Cell 
Receptor Signaling by Ibrutinib in Primary CNS Lymphoma. Cancer Cell. 31, 833-843.   
Lourenco, P., Shirani, A., Saeedi. J., Oger, J., Schreiber, W.E., Tremlett, H., 2013. Oligoclonal 
bands and cerebrospinal fluid markers in multiple sclerosis: associations with disease course 
and progression. Mult Scler. 19, 577-584.  
Lovato, L., Willis, S.N., Rodig, S.J., Caron, T., Almendinger, S.E., Howell, O.W., Reynolds, R., 
O'Connor, K.C., Hafler, D.A., 2011. Related B cell clones populate the meninges and 
parenchyma of patients with multiple sclerosis. Brain. 134, 534-541.  
Magliozzi, R., Howell, O., Vora, A., Serafini, B., Nicholas, R., Puopolo, M., Reynolds, R., Aloisi, 
F., 2007. Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with 
early onset of disease and severe cortical pathology. Brain 130,1089–1104.  
14 
 
Mancuso, R., Franciotta, D., Rovaris, M., Caputo, D., Sala, A,, Hernis, A., Agostini, S., Calvo, 
M., Clerici, M., 2014. Effects of natalizumab on oligoclonal bands in the cerebrospinal fluid of 
multiple sclerosis patients: a longitudinal study. Mult Scler. 20, 1900-1903.  
Matute-Blanch, C., Villar, L.M., Álvarez-Cermeño, J.C., Rejdak, K., Evdoshenko, E., Makshakov, 
G., Nazarov, V., Lapin, S., Midaglia, L., Vidal-Jordana, A., Drulovic, J., García-Merino, A., 
Sánchez-López, A.J., Havrdova, E., Saiz, A., Llufriu, S., Alvarez-Lafuente, R., Schroeder, I., 
Zettl, U.K., Galimberti, D., Ramió-Torrentà, L., Robles, R., Quintana, E., Hegen, H., 
Deisenhammer, F., Río, J., Tintoré, M., Sánchez, A., Montalban, X,, Comabella, M., 2018. 
Neurofilament light chain and oligoclonal bands are prognostic biomarkers 
in radiologicallyisolated syndrome. Brain. 141,1085-1093.  
Menzfeld, C., John, M., van Rossum, D., Regen, T., Scheffel, J., Janova, H., Götz, A., Ribes, 
S., Nau, R., Borisch, A., Boutin, P., Neumann, K., Bremes, V., Wienands, J., Reichardt, H.M., 
Lühder, F., Tischner, D., Waetzig, V., Herdegen, T., Teismann, P., Greig, I., Müller, M., Pukrop, 
T., Mildner, A., Kettenmann, H., Brück, W., Prinz, M., Rotshenker, S., Weber, M.S., Hanisch, 
U.K.,  2015. Tyrphostin AG126 exerts neuroprotection in CNS inflammation by a dual 
mechanism. Glia. 63, 1083-1099.  
 
 
Metz, L.M., Li, D.K.B., Traboulsee, A.L., Duquette, P., Eliasziw, M., Cerchiaro, G., Greenfield, 
J., Riddehough, A., Yeung, M., Kremenchutzky, M., Vorobeychik, G., Freedman, M.S., Bhan, 
V., Blevins, G., Marriott, J.J., Grand'Maison, F., Lee, L., Thibault, M., Hill, M.D., Yong, V.W. 
2017, Trial of minocycline in a clinically isolated syndrome of multiple sclerosis. N Engl J Med. 
2017 376:2122-2133.  
 
Navas-Madroñal, M., Valero-Mut, A., Martinez-Zapata, M.J., Simon-Talero, M.J., Figueroa, S., 
Vidal-Fernández, N., López-Góngora, M., Escartín, A., Querol, L., 2017. Absence of antibodies 
against KIR4.1 in multiple sclerosis: A three-technique approach and systematic review. PLoS 
One. 2017; 12:e0175538.  
 
Obermeier, B., Lovato, L., Mentele, R., Brück, W., Forne, I., Imhof, A., Lottspeich, F., Turk, 
K.W., Willis, S.N., Wekerle, H., Hohlfeld, R., Hafler, D.A., O'Connor, K.C., Dornmair, K., 2011. 
Related B cell clones that populate the CSF and CNS of patients with multiple sclerosis produce 
CSF immunoglobulin. J Neuroimmunol.  233, 245-248.  
Olsson, J.E., Link, H., 1973. Immunoglobulin abnormalities in multiple sclerosis. Relation to 
clinical parameters: exacerbations and remissions. Arch. Neurol. 28, 392–399.  
Owens, G.P., Bennett, J.L., Lassmann, H., O'Connor, K.C., Ritchie, A.M., Shearer, A., Lam, C., 
Yu, X., Birlea, M., DuPree, C., Williamson, R.A., Hafler, D.A., Burgoon, M.P., Gilden, D., 2009. 
15 
 
Antibodies produced by clonally expanded plasma cells in multiple sclerosis cerebrospinal fluid. 
Ann Neurol. 65, 639-649.  
Paulino, L.R.F.M., Cunha, E.V., Barbalho Silva, A.W., Souza, G.B., Lopes, E.P.F., Donato, 
M.A.M., Peixoto, C.A., Matos-Brito, B.G., van den Hurk, R., Silva, J.R.V., 2018. Effects 
of tumour necrosis factor-alpha and interleukin-1 beta on in vitro development of bovine 
secondary follicles. Reprod Domest Anim. 2018 [Epub] 10.1111/rda.13199.  
 
Piccio, L., Naismith, R.T., Trinkaus, K., Klein, R.S., Parks, B.J., Lyons, J.A., Cross, A.H., 2010. 
Changes in B- and T-lymphocyte and chemokine levels with rituximab treatment in multiple 
sclerosis. Arch Neurol. 67, 707-714.  
Pollok, K., Mothes, R., Ulbricht, C., Liebheit, A,, Gerken, J.D., Uhlmann, S., Paul, F., Niesner, 
R., Radbruch, H., Hauser, A.E., 2017. The chronically inflamed central nervous system provides 
niches for long-lived plasma cells. Acta Neuropathol Commun.  5,88.  
 
Psimaras, D., Carpentier, A.F., Rossi, C., 2010. Cerebrospinal fluid study 
in paraneoplastic syndromes.J Neurol Neurosurg Psychiatry. 81:42-45.  
Rentzos, M., Cambouri, C., Rombos, A., Nikolaou, C., Anagnostouli, M., Tsoutsou, A., 
Dimitrakopoulos, A., Triantafyllou, N., Vassilopoulos, D., 2006. IL-15 is elevated in serum and 
cerebrospinal fluid of patients with multiple sclerosis. J Neurol Sci. 241, 25-29.  
Rojas, J.I., Tizio, S., Patrucco, L., Cristiano, E., 2012. Oligoclonal bands in multiple sclerosis 
patients: worse prognosis? Neurol Res. 34, 889-892.  
Roth, G.J., Stanford, N., Majerus, P.W., 1975. Acetylation of prostaglandin synthase by aspirin. 
Proc Natl Acad Sci U S A. 72, 3073–2076.  
Saiz, A.,Carreras, E., Berenguer J., Yagüe, J., Martínez, C., Marín, P., Rovira, M., Pujol, T., 
Arbizu, T., Graus, F., 2001. MRI and CSF oligoclonal bands after autologous hematopoietic 
stem cell transplantation in MS. Neurology. 56, 1084–1089.  
Satterthwaite, A.B., Witte, O.N., 2000. The role of Bruton's tyrosine kinase in B-cell 
development and function: a genetic perspective. Immunol Rev. 175, 120-127.  
Sefia, E., Pryce, G., Meier, U.C., Giovannoni, G., Baker, D., 2017. Depletion of CD20 B cells 
fails to inhibit relapsing mouse experimental autoimmune encephalomyelitis. Mult Scler Relat 
Disord. 14,46-50.  
 
Serafini,B., Rosicarelli, B., Magliozzi R, Stigliano E, Aloisi F., 2004. Detection of ectopic B-cell 
follicles with germinal centers in the meninges of patients with secondary progressive multiple 
sclerosis. Brain Pathol 14,164–174.  
16 
 
Sipe, J. C., Romine, J. S., Koziol, J. A., McMillan, R., Zyroff, J., Beutler, E., 1994. Cladribine in 
treatment of chronic progressive multiple sclerosis. The Lancet. 344, 9–13.  
Sørensen, P.S., Sellebjerg, F., Lycke, J., Färkkilä, M., Créange, A., Lund, C.G., Schluep, M, 
Frederiksen, J.L., Stenager, E., Pfleger, C., Garde, E., Kinnunen, E., Marhardt, K, 2106. 
Minocycline added to subcutaneous interferon β-1a in multiple sclerosis: randomized 
RECYCLINE study. Eur J Neurol. 2016; 23:861-70.  
 
Srivastava, R., Aslam, M., Kalluri, S.R., Schirmer, L., Buck, D., Tackenberg B., Rothhammer, 
V., Chan, A., Gold, R., Bethele, A., Bennet, J.L., Korn, T., Hemmer, B., 2012, Potassium 
channel KIR4.1 as an immune target in multiple sclerosis. N Engl J Med. 2012; 367:115-23.  
 
Stanford, N., Roth, G.J., Shen, T.Y., Majerus, P.W., 1977. Lack of covalent modification of 
prostaglandin synthetase (cyclo-oxygenase) by indomethacin. Prostaglandins. 13, 669–675.  
Studer, V., Rossi, S., Motta, C., Buttari, F., Centonze D., 2014. Peripheral B cell depletion and 
central proinflammatory cytokine reduction following repeated intrathecal administration of     
rituximab in progressive Multiple Sclerosis. J Neuroimmunol. 276, 229-231.  
Teeling, J.L., Carare, R.O., Glennie, M.J., Perry, V.H., 2012. Intracerebral immune complex 
formation induces inflammation in the brain that depends on Fc receptor interaction. Acta 
Neuropathol. 124,479-90.  
 
Thangarajh, M., Masterman, T., Hillert, J., Moerk, S., Jonsson, R., 2007. A proliferation-
inducing ligand (APRIL) is expressed by astrocytes and is increased in multiple sclerosis. Scand 
J Immunol. 65, 92-98.  
Touil, H., Kobert, A., Lebeurrier, N., Rieger, A., Saikali, P., Lambert, C., Fawaz, L., Moore, C.S., 
Prat, A., Gommerman, J., Antel, J.P., Itoyama, Y., Nakashima, I., Bar-Or, A.,; Canadian B Cell 
Team in MS., 2018. Human central nervous system astrocytes support survival and activation 
of B cells: implications for MS pathogenesis. J Neuroinflammation. 15,114.  
Ulvestad, E., Williams K., Vedeler C., Antel J., Nyland H., Mork S., 1994a. Reactive microglia 
in multiple sclerosis lesions have an increased expression of receptors for the Fc part of IgG. 
J. Neurol. Sci. 121, 125–131.  
Ulvestad, E., Williams, K., Matre, R., Nyland, H., Olivier, A., Antel. J., 1994b. Fc receptors for 
IgG on cultured human microglia mediate cytotoxicity and phagocytosis of antibody-coated 
targets. J Neuropathol Exp Neurol. 53, 27-36. 
 
Vainchtein, I.D., Chin, G., Cho, F.S., Kelley, K.W., Miller, J.G., Chien, E.C., Liddelow , S. A., 
Nguyen , P.T., Nakao-Inoue, H., Dorman, L.C., Akil, O., Joshita, S., Barres, B.A., Paz, J.T., 
17 
 
Molofsky, A.B., Molofsky, A.V., 2018. Astrocyte-derived interleukin-33 promotes microglial 
synapse engulfment and neural circuit development. Science. 2018; 359: 1269-1273. 
 
van Haren, K., Tomooka, B.H., Kidd, B.A., Banwell, B., Bar-Or A., Tenembaum, S.N., Pohl, D., 
Rostasv, K., Dale, R.C., O’Connor, K.C., Hafler, D.A., Steinman, L., Robinson, W.H., 2013. 
Serum autoantibodies to myelin peptides distinguish acute disseminated encephalomyelitis 
from relapsing-remitting multiple sclerosis. Mult Scler. 19: 1726-1733.  
von Büdingen, H.C., Bischof, A., Eggers, E.L., Wang, S., Bevan, C.J., Cree, B.A., Henry, R.G., 
Hauser, S.L., 2016. Onset of secondary progressive MS after long-term rituximab therapy - a 
case report. Ann Clin Transl Neurol. 4, 46-52.  
von Glehn, F., Farias, A.S., de Oliveira, A.C., Damasceno, A., Longhini, A.L., Oliveira, E.C., 
Damasceno, B.P., Santos, L.M., Brandão, C.O., 2012. Disappearance of cerebrospinal fluid 
oligoclonal bands after natalizumab treatment of multiple sclerosis patients. Mult Scler. 18, 
1038-1041.  
Willis, S.N., Stathopoulos, P., Chastre, A., Compton, S.D., Hafler, D.A., O'Connor, K.C., 2015. 
Investigating the Antigen Specificity of Multiple Sclerosis Central Nervous System-Derived 
Immunoglobulins. Front Immunol. 6,600.  
Woodroofe, M.N., Hayes, G.M., Cuzner, M.L., 1989. Fc receptor density, MHC antigen 
expression and superoxide production are increased in interferon-gamma-treated microglia 
isolated from adult rat brain. Immunology. 68, 421-426. 
Winger, R.C., Zamvil, S.S., 2016. Antibodies in multiple sclerosis oligoclonal bands target 
debris. Proc Natl Acad Sci U S A. 113,:7696-7698. 
Walsh, M.J., Tourtellotte, W.W., 1986. Temporal invariance and clonal uniformity of brain and 
cerebrospinal IgG, IgA, and IgM in multiple sclerosis. J Exp Med. 163, 41–53.  
Warnke, C., Stettner, M., Lehmensiek, V., Dehmel, T., Mausberg, A.K., von Geldern, G., Gold, 
R., Kümpfel, T., Hohlfeld, R., Mäurer, M., Stangel, M., Straeten, V., Limmroth, V., ,Weber T., 
Kleinschnitz, C., Wattjes, M.P., Svenningsson, A., Olsson, T., Hartung, H.P., Hermsen, D., 
Tumani, H., Adams, O., Kieseier, B.C., 2015. Natalizumab exerts a suppressive effect on 
surrogates of B cell function in blood and CSF. Mult Scler. 21:1036-1044. 
Yao, C., Yang, D., Wan, Z., Wang, Z., Liu, R., Wu, Y., Yao, S., Yuan, S., Shang, Y., 2014.  
Aspirin-triggered lipoxin A4 attenuates lipopolysaccharide induced inflammatory response in 
primary astrocytes. Int Immunopharmacol. 18, 85-89.  
Zrzavy, T., Hametner, S., Wimmer, I., Butovsky, O., Weiner, H.L., Lassmann, H., 2017. Loss 
of 'homeostatic' microglia and patterns of their activation in active multiple sclerosis. Brain. 
140, 1900-1913. doi: 10.1093/brain/awx113. 
18 
 
Figure 1.   
 
Activation of microglia to drive neurodegenerative disease in MS. The MS disease process leads 
to the accumulation and activation of lymphocytic immune cells in the CNS. These produce 
cytokines and other factors that induce blood brain barrier dysfunction leading to the 
accumulation of monocytes and more B and T lymphocytes within perivascular cell space and 
the entry of immunoglobulins from the periphery. These cells and antibodies induce 
demyelination and relapsing clinical attacks. Whilst they can produce damage, they also release 
growth factors that promote glial activity. These infiltrates may allow the formation of 
immunological niches within the CNS that can generate plasma B cells and B cell follicles. These 
produce oligoclonal immunoglobulins with the CNS. These plasma cell niches become self-
sustaining and long-lived and are outside the control of most peripherally-acting disease 
modifying drugs, currently used in MS. These may be a central part of the neurotoxic cascade 
that drives progressive neurodegeneration, notably of demyelinated nerves. Demyelinated 
nerves are particularly sensitive to toxicity due to the high metabolic demands required to 
sustain neurotransmission. This may be because of the formation of more energy-dependent, 
ion channels that must redistribute from the node of Ranvier after demyelination for nerve 
transmission to occur. (A) Direct neuro-toxic effect of antibodies. Some antibodies may have 
specificity for targets within the CNS. These can promote direct immune damage to 
oligodendrocytes and nerves, via complement activation and antibody-dependent killing 
mechanisms driven by infiltrating macrophages and microglia. In addition there is probably a 
concomitant (B) Indirect neurotoxic effect of antibodies. Fc receptor binding of 
immunoglobulins, with a specificity that is CNS-irrelevant, may provide a source of continued 
stimulation that generates or perpetuates chronically-activated microglia, especially once 
perivascular lesions have resolved Activated microglia are probably the central mediators of 
neurotoxicity in neuroinflammatory conditions and can stimulate astrocytes to become 
neurotoxic, such via secretion of IL-1 and TNF. Likewise, astrocytes produce factors such as 
IL-33 that can further activate microglia to become neurotoxic. These multiple neurotoxic 
mechanisms, occurring concomitantly during disease, may be the basis for damage in 
progressive MS.  Current disease modifying treatments act to block the peripheral immune 
response from accumulating in the CNS to inhibit relapsing MS. Additional targeting of 
neuroinflammation in the CNS, to block B cell activation, differentiation and plasma cell 
formation, along with inhibitors of microglial activation may be necessary to block accumulating 
nerve loss. This is the substrate of progressive disability in MS. Agents (in red) may target 
these processes. Bruton’s tyrosine kinase inhibitors may be able to target both plasma cell and 
microglia and may be a novel route to therapy in MS, which can be complemented by existing 
and novel therapies. 
